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ABSTRACT 
Contrary  t o  t h e  asser t ions  of many, t h e  rota t ion which maximizes t h e  
ne t  p r e s e n t  value of t imber rece ip t s  may b e  Longer than t h e  rotation which 
maximizes a v e r a g e  annual physical yield. This circumstance may a r i s e  even 
in a very  simple economic model once regenerat ion costs  a r e  recognized. 
Along with a theore t i ca l  comparison of t h e  two rota t ion c r i t e r i a ,  an  example 
using Pinus patuLa plantations in Tanzania demonstrates t h e  potential  
p rac t i ca l  importance of th is  conclusion. 
FOREWORD 
The objective of the Forest  Sec tor  Pro jec t  at IIASA is t o  study long- 
term development alternatives f o r  the  fores t  sec tor  on a global basis. The 
emphasis in t he  Pro jec t  is  on issues of major relevance t o  industrial and 
governmental policy makers in different regions of the  world who are 
responsible fo r  fores t  policy, fores t  industrial s t ra tegy,  and related t r ade  
policies. 
The key elements of s t ruc tura l  change in t he  fores t  industry are 
re la ted t o  a variety of issues concerning demand, supply, and international 
t r ade  in wood products.  Such issues include the  growth of t he  global econ- 
omy and population, development of new wood products and of substitute f o r  
wood products,  fu ture  supply of roundwood and alternative f i be r  sources ,  
development of new technologies for fores t ry  and industry, pollution regu- 
lations, cost  competitiveness, tar i f fs  and non-tariff t r ade  ba r r i e r s ,  etc. 
The aim of t he  Pro jec t  is  t o  analyze t he  consequence of future  expectations 
and assumptions concerning such substantive issues. 
This a r t ic le  represen ts  a background study on timber supply econom- 
ics. The optimal rotation has  been studied in the presence of costs which 
a r e  nonlinear re la t ive to timber removals. In par t icular ,  the  effect of fixed 
regeneration costs f o r  sho r t  rotation fores t ry  plantations is analyzed and 
illustrated with numerical examples. 
Markku Kallio 
Leader 
Forest  Sec tor  Pro jec t  
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R E F E R E N C E S  
WHEN IS THE OPTIMAL ECONOMIC ROTATION LONGER THAN 
THE ROTATION OF MAXIMUM SUSTAINED YKELD? 
Clark S.  Binkley 
INTRODUCTION 
Can t h e  optimal economic rota t ion e v e r  exceed t h e  rota t ion which max- 
imizes t h e  a v e r a g e  annual yield of t h e  fo res t?  This question has  been dis- 
cussed f o r  years .  Many (e.g. Samuelson, 1976; Clark,  1976; Bentley and 
Teeguarden, 1964; Hyde, 1980; Chang, 1983 and Andersson and Lesse, 1984) 
nave a rgued  t h a t  t h e  optimal economic rota t ion ( the  rota t ion which maxim- 
izes t h e  ne t  p resen t  vaiue of t imber r e c e i p t s  o v e r  a n  infinite planning hor- 
izon) approaches  t h e  culmination of mean annual increment ( o r  t h e  point of 
maximum sustained physical yield) only as t h e  discount rate approaches  
zero.  This p a p e r  shows t h a t  th is  conclusion is  valid only if regenerat ion and 
management cos t s  are ignored. Once even a very  simple cost  formulation is  
introduced into t h e  problem, economic rota t ions  may equal o r  exceed t h e  
maximum sustained yield rotation.  
This resu l t  i s  important from severa l  perspect ives .  On purely  theore t -  
ical grounds i t  i s  interesting t o  note t h a t  no firm conclusions can b e  drawn 
about t h e  bes t  ro ta t ion without careful  consideration of p r e c i s e  costs  and 
r e t u r n s  ar is ing in a specific situation. From a somewhat more pragmatic 
point of view, t h a t  t h e  economic rota t ion may b e  longer than t h e  maximum 
sustained yieid (MSY) rota t ion gives r i s e  t o  t h e  "backward bending" long 
r u n  t imber supply c u r v e  - t h e  supply c u r v e  h a s  negative r a t h e r  than posi- 
t ive  slope.  
This p a p e r  f i r s t  summarizes t h e  economic and sustained yield optimiza- 
tion problems. Comparing t h e  solutions t o  these  problems shows how t h e  
economic rota t ion may b e  longer than t h e  MSY rotation.  The most in teres t -  
ing si tuations a r i s e  with fast growing, s h o r t  ro ta t ion species.  Consequently 
w e  consicier an  empirical  example based on Pinus patula plantations in 
Tanzania. The p a p e r  concludes with some comments on t h e  significance of 
t h e  theore t i ca l  and empirical  resul ts .  
1. TWO ROTATION MODELS 
Consider two simple rota t ion problems. The rota t ion problems are par -  
t icularly simple because we t a k e  t h e  perspect ive  of s tand level  optimiza- 
tion. Xence no forest-level const ra ints  o r  stand interactions will obscure  
t h e  main point of t h e  analysis. 
Economic R o t a t i o n s  
The f i r s t  model i s  similar in s t r u c t u r e  t o  those  used by Chang (1983), 
Hyde (1980), and Jackson (1980) if management intensity i s  taken as f ixed,  
and is  identical, in t e rms  of t h e  rota t ion a g e  decision, t o  t h e  models of 
Samueison (1976) an6 Clark (1976257-263). 
The economic optimization probiem requires  five important assump- 
tions. 
i. Capital m a r ~ e t s  a r e  per fec t  s o  t he  fores t  owner can lend and bor- 
row a t  a known interest  r a t e  i which is constant through time. 
ii. Demand f o r  timber is cer ta in  and constant s o  pr ices  equal p/unit 
f o r  ali  periods. 
iii. Timber yield v ( t )  p e r  unit a r e a  is a known function of stand age  t 
which does not change over  time. 
iv. The cost p e r  unit a r e a  of regenerating the  stand is c which does 
not change over  time, and 
v. The even-aged fores t  is regenerated promptly after clearcutting 
if i t  is profitable t o  do so. 
Other more complex (and perhaps more realist ic) assumptions can pro- 
duce resul ts  similar t o  those derived below. For example, Dykstra (1985) 
showed tha t  when unit logging costs decline with tree size, the  optimal 
economic rotation can exceed the  MSY rotation. The presence of valuable 
nontimber fores t  products can lengthen (Hartman, 1976) o r  shorten (Bowes 
et al . ,  1984) t he  optimal economic rotation compared to  tha t  when net  
timber receipts  alone are considered. A very simple model w a s  adopted 
h e r e  t o  show that ,  even f o r  very simple cases,  t he  relationship between the 
economic and MSY rotation age  is ambiguous. 
Our assumptions imply tha t  the  problem is stationary in the  sense tha t  
the  solution f o r  t he  f i r s t  rotation will be identical t o  t he  solution fo r  t he  
second and subsequent periods. The economic rotation problem is then 
max .rr(t) = - c + p v ( t ) e d t  + . rr ( t )edt  1.1 
t 
Rearranging t e rms  gives a continuous vers ion of t h e  familiar Faustmann o r  
land expecta t ion model. 
- c + p v ( t ) e - i t  
max r ( t )  = 
t  1 - e d t  
The f i r s t  o r d e r  optimality condition f o r  t * ,  t h e  optimal economic rota t ion,  
d x  
can  b e  easi iy found by solving - = 0 (see Jackson,  1980; Hyde, 1980, or d t 
Cnang, 1983) 
where  
Maximum Sustained Yield 
Consider a f o r e s t  of unit a r e a .  If all a g e  c lasses  a r e  equally 
r e p r e s e n t e d  in t h e  f o r e s t ,  e a c h  will occupy a n  area of l / t  where  t i s  t h e  
o ldes t  a g e  c lass  or t h e  ro ta t ion age .  The oldes t  a g e  c lass  contains a volume 
of v ( t ) /un i t  area, and e a c h  y e a r  th i s  e n t i r e  a g e  c lass  i s  harves ted.  Conse- 
quently t h e  annual yield of th is  unit f o r e s t  i s  v ( t ) /  t .  The maximum sus- 
tained yield ro ta t ion can  then  b e  found by solving t h e  problem 
v ( t )  max - 1.4 
t t  
The f i r s t  o r d e r  condition f o r  tm i s  
2. COXPARISON OF MSY AND ECONOMIC ROTATIONS 
To see t h e  re la t ionship  between t h e  economic and MSY ro ta t ions ,  com- 
p a r e  t h e  f i r s t  o r d e r  conditions f o r  t h e  two cases, equations 1.3 and 1.5,  
respect ively .  Figure 1 shows these  graphically.  To see t h a t  t h e  var ious  
curves  are drawn in p r o p e r  relat ionship,  f i r s t  obse rve  t h a t  
i 1 
2 - f o r  a l l  t 
1 - e + t  t 
This c a n  b e  s e e n  by considering t h e  s e r i e s  expansion of e 
(it )' + e 4 f  =1 -it +- - . . .  2! 3! 
Substituting in to  t h e  lef t  hand s ide  of 2 .1  gives 
t~~~ t *  t (years) 
FIGURE 1. Optimal economic and MSY rotations. 
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From 2.3 ,  w e  can a l so  s e e  t h a t  
i lim 1 = -  i + o  1 - e - t t  t 
Second, if both c and p are positive 
From t h e s e  arguments,  we see t h a t  Figure 1 dep ic t s  a plausible set of 
re la t ionships  among t h e  f i r s t  o r d e r  conditions 1.3 and 1.5.  A s  drawn, c / p  
i s  l a r g e  enough so t h e  optimal economic rota t ion i s  g r e a t e r  than  t h e  MSY 
rota t ion.  
Finally, note  t h a t  
- 
v iim -  , and 
C P+- y -- V 
P 
This latter case ,  2.6b, combined with t h e  limiting behavior  noted in 2.4, 
gives r i s e  to t h e  contention t h a t  t h e  optimal economic ro ta t ion  a p p r o a c h e s  
t h e  MSY ro ta t ion  as t h e  discount rate a p p r o a c h e s  zero .  However, th is  
a s se r t ion  i s  t r u e  only if production costs are zero ,  are in t h e  limit as stum- 
page p r i c e s  grow v e r y  l a rge .  
Having established graphically t h a t  t h e  MSY ro ta t ion  may b e  s h o r t e r  
than  t h e  economic rota t ion,  i t  i s  in teres t ing to examine t h e  point  at which 
they coincide. To d o  so, i t  i s  useful to rewr i t e  1.3 as 
Equating t h e  r i g h t  hznd s ides  of 1.5 and 2 .7  gives t h e  re la t ionship  among c ,  
p ,  i and v which must hold in o r d e r  f o r  t h e  economic and MSY rota t ion to 
b e  identical  
In t h e  case of a competitive economy, w e  can  add t h e  proviso  t h a t  7r 2 0 
(otherwise t h e  optimal plan i s  to c u t  whatever trees are standing and aban- 
don t h e  land),  which from 1.1 implies t h a t  
C 
- < v e  I t  2.9 
P 
The term c / p  can b e  eliminated from t h e  problem by equating t h e  
r i g h t  hand s ides  of 2.8 and 2.9 . This gives t h e  limiting values of i and t 
where  t h e  economic ro ta t ion  exceeds  t h e  MSY ro ta t ion but .rr > 0. Rear -  
ranging t h e  resul t ing equation gives 
( I  - e I t  ) ( i t  - I )  = 0 
Which implies e i t h e r  
In t h e  f i r s t  case, e i t h e r  t = 0 or i = 0.  In t h e  second, more in teres t ing 
c a s e ,  i = l/ t .  Thus f o r  economic rota t ions  to b e  g r e a t e r  than t h e  MSY 
rota t ion,  t h e  i n t e r e s t  rate must b e  less than t h e  inverse  of t h e  MSY rota- 
tion. For  comparatively s l o w  growing species  such as Douglas-fir, t h e  white 
pines o r  many temperate  hardwoods, the  KSY rota t ion will be  on t h e  o r d e r  
of 100 years .  In th is  case, Z . l l b  implies a maximum discount rate of 1/100 
o r  i = 3 . C 2 ,  and t h e  situation descr ibed h e r e  is  of l i t t le  p rac t i ca l  impor- 
tance.  On t h e  o t h e r  hand, f as t  growing species  such as t h e  southern pines 
(par t icular ly  on hign s i t e s  managed f o r  cubic r a t h e r  than board foot pro-  
duction) o r  t ropical  f o r e s t  plantations of species  such as Pinus patula, 
Pinus caribaea o r  Gmelina arborea- may r e a c h  t h e  culmination of mean 
annual increment in less  than 20 years .  In such si tuations t h e  optimal 
economic rota t ion might b e  g r e a t e r  than MSY under  a wide r a n g e  of cos t  and 
p r i c e  pa ramete rs .  
3. AN EXAMPLE: PINLrS PATLEA PLANTATIONS IN TANZANIA 
To give a b e t t e r  sense  of t h e  p rac t i ca l  importance of th is  situation, 
equations 2.8 and 2.9 w e r e  computed f o r  high s i t e  (33 m at a g e  20) Pinus 
patula piantations at Sao  Hill in southern Tanzania. This fas t  growing pine, 
native t o  Mexico, h a s  been widely planted throughout East  Africa. Pianta- 
tion yields at Sao  Hill are similar though not identical t o  t h e  yields of P .  
patula plantations elsewhere in Africa, including Kenya, Malawi and Uganda 
(Adegbehin, 1982). For  analytical  convenience, Adegbehin's (1982) yield 
est imates were  fi t ted to a two-parameter yield function: 
ln[v ( t  )] = 7.42 - 15.5/ t R~ = 0.989 
(73.4) (-32.7) n = 1 7  3.1 
where v ( t )  r e f e r s  t o  t h e  to ta l  stand volume, outside b a r k ,  in m3/ha. The 
numbers in pa ren theses  are t -stat ist ics f o r  t h e  null hypothesis t h a t  t h e  
coefficient equals ze ro .  
The Durbin-Watson s t a t i s t i c  for t h e  initial o rd ina ry  l eas t  s q u a r e s  est i-  
mate of th is  mociel suggested t h e  p r e s e n c e  of posit ive s e r i a l  co r re la t ion  
among t h e  res iduals ,  a condition which r e n d e r s  t h e  est imates inefficient but  
unbiased. Consequently, t h e  est imates in 3.1 w e r e  obtained by a n  i t e ra t ive  
generalized l eas t  s q u a r e s  p r o c e d u r e  where in each  s t e p  t h e  est imated lag- 
one s e r i a l  co r re la t ion  coefficient  i s  used to correct t h e  
var iance/covar iance  matrix of t h e  GLS est imates until sa t i s fac to ry  conver-  
gence of t h e  est imated coefficients is  obtained.  
Figure 2 g r a p h s  2.8 and 2.9 i s  a function of t h e  discount r a t e  i f o r  th is  
yield curve .  The t w o  equations divide t h e  g raph  into f o u r  areas. In regions  
I and 11, t h e  c  / p  r a t i o  is  high enough so t* > tm In region I1 c  / p  i s  so 
high t h a t  t imber  production i s  unprofi table.  Unless subsidized, we would 
expec t  no  product ion at all  f o r  these  combinations of c / p  and i .  In 
regions  I11 and IV, t h e  c / p  r a t i o  i s  l o w  enough so t h a t  t* < tm The t w o  
c u r v e s  cross at i = 1/ t , or at i = 0.065. That  i s ,  at i n t e r e s t  rates g r e a t e r  
than  i = 0.065 t h e  optimai economic rota t ion wiIl always b e  l e s s  than t h e  
MSY ro ta t ion.  
At a discount r a t e  of i = 0.04, c  / p  r a t i o s  between 157 and 332 lead to 
t* > tm As a point of r e f e r e n c e ,  in 1980 c  = 3171 shs /ha  (Kowero, 1984),  
which gives a possible r a n g e  in p r i c e s  of 9.6-20.2 shs/m3. In 1980,  t h e  roy-  
a l ty  f o r  P. patula  stumpage in th is  size r a n g e  was 20 shs/m3 (Dykstra,  1985).  
Consequently, th is  simple economic model suggests t h a t ,  at a discount rate 
of i = 0.04, t h e  optimal economic ro ta t ion  f o r  these  plantat ions would b e  
g r e a t e r  than  t h e  a g e  of maximum sustained yield. 
FIGURE 2. t*  > tx,, Pznus patula. 
4. CONCLUSIONS 
In general ,  economic rota t ions  may b e  g r e a t e r  than ,  equal to ,  o r  l e ss  
than t h e  rota t ion which maximizes t h e  sustained physical output of t h e  
fo res t .  The relat ionship between t h e  MSY and economic rota t ions  depends 
on t h e  yield function f o r  t h e  spec ies  in question, t h e  management costs ,  t h e  
stumpage p r i c e  and t h e  in te res t  r a t e .  In p rac t i ce ,  economic rota t ions  
exceeding K S Y  rota t ions  are more likely t o  a r i s e  with fast than with slow 
growing species .  
Tne re la t ionship  between t h e  economic and MSY ro ta t ion  i s  important  
for understanding lone run  t imber  supply. I t  i s  well-known t h a t  a n  inc rease  
in stumpage p r i c e  will lead to a d e c r e a s e  in t h e  optimal ro ta t ion (differen- 
t i a t e  1.3 with r e s p e c t  to t t o  see this ,  o r  see Chang, 1983:271). If p r i c e s  
are high enough s o  t h e  economic rota t ion i s  s h o r t e r  t h a t  MSY, then t n e  
reduction in ro ta t ion  at tending a p r i c e  inc rease  will lead to a Lower level  of 
a v e r a g e  output.  The long r u n  t imber supply c u r v e  will thus  bend backward. 
If high production costs, high in te res t  rates and low growth consp i re  t o  
make p ro f i t s  negative at any  rota t ion longer  than MSY, no  p a r t  of t h e  long 
run  supply c u r v e  will have a positive slope.  Binkley (1985) gives a more 
complete account  of t h e  long r u n  t imber supply model. 
A more rea l i s t i c  model of f o r e s t  management would r e l a x  t h e  assump- 
t ions of t h e  p r e s e n t  analysis .  For  example, p r i c e s  would respond t o  chang- 
ing supply/demana balances.  Management cos t s  would change in r esponse  to 
changes  in l a b o r  and o t h e r  f a c t o r  markets.  Yields might change o v e r  time 
as biological knowledge accumulates or as environmental degradat ion t a k e s  
i t s  toll. The nontimber p roduc t s  of t h e  forest would b e  recognized in t h e  
economic optimization. These complications will su re ly  upset  t h e  simple 
comparisons between economic and MSY ro ta t ions  p resen ted  h e r e  but  are 
not likely to a l t e r  t h e  ambiguous relat ionship between t h e  t w o  approaches .  
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